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Enhancement of Thermopower of TAGS-85
High-Performance Thermoelectric Material by Doping

with the Rare Earth Dy

E. M. Levin,* S. L. Bud’ko, and K. Schmidt-Rohr

Enhancement of thermopower is achieved by doping the narrow-band
semiconductor Agg 5,Sbg 5,Gesg 96 Tesy (acronym TAGS-85), one of the best
p-type thermoelectric materials, with 1 or 2% of the rare earth dysprosium
(Dy). Evidence for the incorporation of Dy into the lattice is provided by
X-ray diffraction and increased orientation-dependent local fields detected
by '>Te NMR spectroscopy. Since Dy has a stable electronic configuration,

conversion.3l  Thermoelectric ~ power
generation is a promising technology for
mitigating the effects of the developing
fossil-fuel shortage: thermoelectric mate-
rials can utilize waste heat at power plants,
in automobiles, and in other heat engines.
A recent analysis has shown that ther-
moelectric materials can also be used in

the enhancement cannot be attributed to 4f-electron states formed near the
Fermi level. It is likely that the enhancement is due to a small reduction in the
carrier concentration, detected by '2°Te NMR spectroscopy, but mostly due
to energy filtering of the carriers by potential barriers formed in the lattice by
Dy, which has large both atomic size and localized magnetic moment. The
interplay between the thermopower, the electrical resistivity, and the thermal
conductivity of TAGS-85 doped with Dy results in an enhancement of the
power factor (PF) and the thermoelectric figure of merit (ZT) at 730 K, from
PF=28 uW cm~' K2 and ZT < 1.3 in TAGS-85 to PF =35 uW cm~' K2 and
ZT 2 1.5 in TAGS-85 doped with 1 or 2% Dy for Ge. This makes TAGS-85
doped with Dy a promising material for thermoelectric power generation.

solar energy conversion as an alternative
to photovoltaic systems.*3] For all these
applications, one needs new efficient ther-
moelectric materials with a figure of merit
ZT > 2, which is higher than has been
reproducibly achieved so far.
Thermoelectric phenomena have been
studied intensively in various mate-
rials.'"3] However, in spite of intensive
research, the well known GeTe-, PbTe-,
and Bi,Tes-based systems are still among
the best thermoelectric materials.?l The
enhancement of the thermoelectric prop-
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1. Introduction

The direct conversion of heat to electricity using the See-
beck effect, or of electricity to heat removal using the Peltier
effect, are fundamentally interesting physical phenomena,
and simultaneously attractive and elegant processes for energy
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erties of tellurides can be achieved by

doping known materials with atoms of
relatively large or small atomic sizes, and with or without a
localized magnetic moment. It is clear that not only reduction
in the thermal conductivity, &, but also an enhancement of the
power factor, PF = S?/p, where S is the Seebeck coefficient
(thermopower) and p the electrical resistivity, must be major
goals in order to obtain better thermoelectric materials. Such
a modification can achieved using a combination of several
dopants; for instance, it was recently reported by Pei et al.l
that simultaneous doping of PbTe with Na and Se results in
the enhancement of the thermoelectric properties: this work
demonstrates that the well-known semiconductor PbTe can
still be used as a matrix in designing high-performance ther-
moelectric materials. We show here that this is similarly true
for the GeTe narrow-band semiconductor.

The thermopower is the most important parameter con-
tributing to the power factor, PF, which can be regarded as
the electrical part of the thermoelectric figure of merit, ZT =
PF T/k. In narrow-band semiconductors, the thermopower
can be changed via different mechanisms including: i) a
change in charge-carrier concentration;”! ii) a modification of
the density of electron states (DOS) near the Fermi level;!®°]
and iii) energy filtering.'*12 The latter explains the ther-
mopower enhancement by differential scattering of high- and
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low-energy carriers by potential barriers formed at the inter-
face between the matrix and various inclusions on the micro-
scale,l112 or by defects on the atomic scale.’] Energy filtering
generally is most efficient at low temperatures, but can also
be valuable at temperatures of about 600-700 K.['2l We sug-
gest that energy filtering can occur in materials with strong
local lattice distortions (imperfections) formed by dopant
atoms with much larger or smaller atomic sizes, compared
with the replaced atoms of the matrix. In addition, atoms
with large localized magnetic moments distributed in the
lattice serve as scattering centers and can also be associated
with local lattice imperfections.

The majority of the atoms of transition elements, lan-
thanides, and actinides carry a magnetic moment due to
unpaired 3d-, 4f, and 5f-electrons, respectively, but only lan-
thanides may possess large and strongly localized magnetic
moments;!!¥] the exceptions are the “ non-magnetic” La and
Lu, and Ce, Eu, and Yb, which have unstable 4f-shells.['*]
Lanthanides as dopants can produce various effects in the
lattice: i) due to their large size, rare-earth atoms can result
in local lattice distortions; note that the atomic size of rare-
earth atoms decreases from La (atomic radius r, = 0.274 nm)
to Lu (r, = 0.225 nm), which is still larger than that of Ge (r, =
0.152 nm) and Te (r, = 0.142 nm);** ii) rare earths may have
vanishing (e.g., La and Lu), small (e.g., Pr, Nd, and Er), or
large (e.g., Gd, Dy, and Tb!!3)) localized magnetic moments;
iii) some of the rare earths (e.g., Ce, Eu, and Yb) may have
unstable electronic configurations and form resonance
4f-electron states near the Fermi level;* and iv) rare earths
can form local bonds and affect the charge-carrier concen-
tration. Note that due to the localized magnetic moments,
additional interesting phenomena may occur (e.g., the spin
Seebeck effect).[117]

A well-known group of high-performance thermoelec-
tric materials is GeTe alloyed with Ag and Sb on the Ge
sublattice.l'8 Commonly, their composition is shown as
(GeTe),(AgSbTe;) 190 With x = 75, 80, 85, and 90, or by the
acronym “TAGS-x”". The material with x = 85 (TAGS-85), which
can be shown in atomic percent as Agg5,Sbs5,Ge36.961€50, 1S
one of the best thermoelectric materials known and has been
used for various power generation applications.'”! Recently,
we showed?% that doping of Agg 5,Sbg.5,Ges.96Teso (TAGS-85)
with Ce or Yb for Te enhances the thermoelectric proper-
ties. In order to better understand the effect of the doping
of Aggs5,Sbss,Gesgoslesy with lanthanides that possess a
stable electron configuration and a large localized magnetic
moment, we have now studied TAGS-85 where the Ge or Te
atoms are replaced by dysprosium, Dy (Dy for Ge or Dy for
Te in the following). For alloys, Aggs,Sbg5,Gesg.061es0 (TAGS-
85), Ages52Sbss52Gesso6lesoDy; (TAGS-85 + 1% Dy for Ge),
Ag6_52Sb6.52Ge34.96Te50DyZ (TAGS'SS + 2% Dy fOl' Ge), and
Ags 5,Sbe5.Gesgo6TesoDy; (TAGS-85 + 1% Dy for Te), have
been synthesized and studied by X-ray diffraction (XRD), 1% Te
NMR spectroscopy, both at 300 K, and by measurements of
the thermopower, electrical resistivity, and thermal conduc-
tivity in the temperature range from 305 to 750 K. In addition,
the dc magnetization was measured from 1.8 to 350 K in an
applied magnetic field up to 55 kOe.
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2. Results and Discussion

2.1. X-Ray Diffraction

Figure 1 shows X-ray diffraction (XRD) patterns of TAGS-85,
TAGS-85 + 1% Dy for Ge, TAGS-85 + 2% Dy for Ge, and TAGS-85
+ 1% Dy for Te. The XRD showed that the Dy-doped materials
contain mostly one phase and have a rhombohedral structure sim-
ilar to the parent TAGS-85 (Aggs,Sbg5.Ge36.961es0).2) The inset
in Figure 1 shows an expanded view of the (202) peak at 20 = 30°
for all four samples; the shift of the (202) peak toward smaller
angles is evidence that the large Dy atoms were embedded, at
least partially, in the lattice, at both Ge and Te sites. A similar
shift was observed for the (024) and (220) peaks at 20 = 42° and
= 43.5°, respectively. The effect of the replacement increased with
the Dy content and was larger when Dy replaced Ge.

2.2. Magnetization

Figure 2 shows plots of: a) mass magnetization, M, vs. magnetic
field, H; and b) the M/H ratio vs. the temperature of TAGS-85,
TAGS-85 + 1% Dy for Ge, TAGS-85+ 2% Dy for Ge, and TAGS-85
+ 1% Dy for Te. At 300 K, TAGS-85 exhibited negative (diamag-
netic) magnetization, M = -2.95 x 102 emu g~! when measured
in an H = 50 kOe magnetic field (Figure 2a); the diamagnetic
susceptibility is yg, = M/H = -6 X 1077 emu g™' Oe™’. All of the
samples doped with Dy showed positive (paramagnetic) mag-
netization. At 1.8 K (see inset in Figure 2 a), the magnetization
exhibited a saturated behavior, which can be observed for some
paramagnetic materials containing localized magnetic moments
and can be described by the Brillouin function.'*?2 The temper-
ature dependence of the ratio M/H, which in diamagnetic and
paramagnetic materials represents the magnetic susceptibility,
X, showed behavior typical of paramagnetic systems (Figure 2b).
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Figure 1. X-ray diffraction of a) Ages,SbesrGesgoslesy (TAGS-
85), b) Ages,Sbes,GesgosTessDy; (TAGS-85 + 1% Dy for Te),
c) Ages:SbesyGessgslesoDy; (TAGS-85 + 1% Dy for Ge), and
d) Age.5,Sbe s2Gesq96TesoDy, (TAGS-85 + 2% Dy for Ge). The inset shows
an expanded view of the (202) peak.
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Figure 2. a) Magnetization, M, measured at 300 K, and b) tem-
perature dependencies of the measured (M/H), ratio of
Ags.5:Sbg 52Gess g6 Teso  (TAGS-85), AgesaSbe syGesgosTesoDyr (TAGS-85
+ 1% Dy for Te), Age.s,Sbes,Gess o6TesoDy; (TAGS-85 + 1% Dy for Ge),
and Agg5,Sbg s,Gesqo6TesoDy, (TAGS-85 + 2% Dy for Ge). The inset in
(a) shows the magnetization measured at 1.8 K; the inset in (b) shows the
H/M ratio vs. temperature for all three samples doped with Dy.

The inset in Figure 2b shows the inverse H/M = 1/y ratio, which
fits the Curie law and indicates that Dy ions formed a system
of non-interacting localized magnetic moments. According to
the Curie law, the paramagnetic susceptibility increases with
decreasing temperature and can be expressed as:!’]

(Npg)/3kT = C/T (1)

Xpar(mol) =

where Yparmol) = (Mm/ H)par = Xparfmol is the molar magnetic sus-
ceptibility, m,, is the molar mass of the formula unit of the sub-
stance, N is the Avogadro number, k is the Boltzmann constant,
and p.g is the effective molar magnetic moment. Using the mag-
netic susceptibility at 1.8 K, we determined the Curie constant, C=
Xpar T, for Aggs,Sbg5Gess06TesoDyr (TAGS-85 + 1% Dy for Te)
and Agg5,Sbg 5,Gess 96 TesoDy; (TAGS-85 + 1% Dy for Ge) to be
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11.0 x 107 and 8.8 x 10> K emu g™ Oe™}, respectively. The effec-
tive magnetic moments per Dy atom calculated using Equation 1
are 10.7 and 9.5 g, respectively, whereas the theoretical value
for a Dy atom is 10.64 MB.[B] For Ag6,52Sb6.SZGe34.96Te50.OODy2.OO
(TAGS-85 + 2% Dy for Ge), we found peg = 10.1 pg. The values
of the effective magnetic moments being smaller than the theo-
retical one can be attributed to a slightly lower Dy concentration
in the lattice than expected for the nominal composition.

2.3. 12Te NMR Spectra and Spin-Lattice Relaxation

Figure 3 shows !2 Te NMR data for TAGS-85 without and with
Dy doping. The spectra (Figure 3a) exhibit a systematic shift of

125Te NMR (a)

TAGS-85 1% Dy for Te

1% Dy for Ge 2% Dy for Ge

[ TS, © MR

. -
1000 -1000 ppm
1.0 (b)
'25Te NMR
= 0.8 r
GE;’ —{ 1 TAGS-85
< | —&— 1%Ce for T
=06 5 1%YbforTe
ks
N —A— 1%Dy for Te
T 04 —a— 1%Dy for Ge
g —v— 2%Dy for Ge
(o)
Z 02}
0.0 ~ A
0 5 10 15 20 25

Anisotropy dephasing time (us)

Figure 3. a) '2Te NMR spectra of TAGS-85, TAGS-85 + 1% Dy for Te,
TAGS-85 + 1% Dy for Ge, and TAGS-85 + 2% Dy for Ge, and b) intensity
of the 12Te NMR signal as a function of recoupling time in an experi-
ment probing orientation-dependent interactions of the '2°Te nuclei for
TAGS-85 doped with Dy. Data for TAGS-85 doped with Ce or Yb for Tel’l
are shown for comparison. Signal reduction due to regular T, relaxation
during the short dephasing period (<50 ps) is negligible (<5%).
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the peak maximum to the right with Dy concentration, indica-
tive of a smaller Knight shift. The spin-lattice relaxation time in
TAGS-85 + 2% Dy for Ge was T; = 3.8 ms, while T; for TAGS-85
was 3.1 ms. Figure 3b displays a plot of the '>> Te NMR signal
intensities of neat and doped TAGS as a function of recoupling
time in an experiment that reflects the orientation-dependent
local magnetic fields probed by the 2Te nuclei.?3! Data for
TAGS-85 doped with Ce or Ybi?%l are shown for comparison. In
neat TAGS, the decay mostly reflects the chemical-shift anisot-
ropy due to deviations from local cubic symmetry caused by the
rhombohedral distortion, alloying and vacancies.

The dephasing for TAGS doped with Ce or Yb was very
similar, while faster dephasing was observed for the Dy-doped
TAGS samples. Simulations have shown that the increased
dephasing rate corresponds to an interaction of approximately
8 kHz.12)l We attribute the faster dephasing to magnetic-dipole
couplings between the magnetic moment of Dy and the '*°Te
nuclear magnetic moments. Given that the dipolar field drops
off with the inverse cube of the distance between the ion and
the nucleus, this is evidence that Dy is incorporated into the
TAGS-85 lattice.

2.4. Seebeck Coefficient, Electrical Resistivity, and Power Factor

Figure 4 shows the dependence of the absolute Seebeck coef-
ficient, S, measured at average temperatures of 305 and 700
K for Agss,Sbgs,GessosTesy Dy; (TAGS-85 + 1% Gd for Ge),
Agg 5,Sbg 5,Gesgo6Tesy Dy, (TAGS-85 + 2% Gd for Ge), and
Agg 5,Sbg 5,Gesg96Tesg Dy; (TAGS-85 + 1% Dy for Te), vs. the
distance from the top of the ingot. Measurements were made
for 6 samples sectioned at the top (3 samples) and at the bottom
(3 samples) of each ingot for all three materials studied.

220
Top Bottom

200 ¢l e
§ . ; g | 700K TAGS-85 g | ® | m
=180 1“4 . ‘
c TAGS- :
© 160 | iy
© v 1%Dy for Te (305 K)
= A 1%Dy for Te (700 K)
8 140 | ® 1%Dy for Ge (305 K)
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§ 120 | e 2%Dy for Ge (700 K)
Q o |0 o | @
') L
¢ 100 o o1 % 205k Tacses (%% ¢
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Figure 4. Variation of the absolute Seebeck coefficient of TAGS-85 doped
with 1 or 2% Dy for Ge or with 1% Dy for Te vs. the distance from the
ingot top at 305 and 700 K. The two horizontal gray bars show the range
of the absolute Seebeck coefficient of two Agg5,Sbe 5,Gesgo6Tese (TAGS-
85) samples, at 305 and 700 K. The vertical, dashed lines indicate the cuts
of the ingot made using a diamond saw; the thickness of each slice (i.e.,
thickness of each sample) was =2 mm.
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The absolute Seebeck coefficients of Aggs5,Sbg 5,Ges6.961€50
(TAGS-85) at the respective temperatures are shown by the
two horizontal bars, which reflect the values of thermopower
of the two different TAGS-85 samples: the lower edge of the
bars marks S for TAGS-85 #1 (studied by Levin et al.?%), and
the upper edge marks S for TAGS-85 #2 (synthesized for the
current study). The plot in Figure 4 exhibits several interesting
features: the Seebeck coefficient of TAGS-85 doped with Dy for
Ge is nearly constant along the ingot and is definitely larger
than that of both the TAGS-85 #1 and #2 samples. In addition,
the Seebeck coefficient of the samples where Dy replaced Ge is
larger than that for Dy replacing Te. A larger enhancement of
the absolute thermopower is observed for TAGS-85 doped with
2% Dy for Ge.

Figure 5 shows the temperature dependencies of: a) the
absolute Seebeck coefficient, S; and b) the electrical resistivity,
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Figure 5. a) Temperature dependences of the absolute Seebeck coef-
ficient, S, and b) the electrical resistivity, p, of the two samples of
Ags.52Sbe 52Gess 95Tesy (TAGS-85), Ages,Sbes;Gess g6TesDyr (TAGS-85 +
1% Dy for Te), Agg 5,Sbg.s2Gess .96 TesoDy; (TAGS-85 + 1% Dy for Ge), and
Age.5:Sbs 52Gesq96TesoDy, (TAGS-85 + 2% Dy for Ge) extracted from the
tops of the ingots.
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p, of four samples extracted from the tops of the ingots:
Age52Sbe52GesgosTes)  (TAGS-85),  Agg 5,Sb 5Gess o6 TesoDys
(TAGS-85 + 1% Dy for Ge), Ags 5,Sbg 5Ge34 06 TesoDy, (TAGS-85
+ 2% DY for Ge), and Ag6.52Sb6_52G636_96Te49DY1 (TAGS'SS +1%
Dy for Te). The absolute Seebeck coefficients of the TAGS-85
samples doped with Dy, S;0x = +188 uV K! and Sy3x =
+195 uV K! when doped with 1 or 2% Dy, respectively, were
higher than the values for neat TAGS-85, +172 puV K! and
+176 uV K7, for samples #1 and #2, respectively. The tem-
perature dependence of the thermopower of all of the samples
shows two regions with a nearly linear increase, but different
slopes. The slopes in the temperature range of (i) 305-520 K
are similar, 0.36 uV K2, whereas those in the range of (ii) 540
760 K depend on the composition and varied between 0.13 and
0.08 uV K2 for TAGS-85 and TAGS-85 + 2% Dy for Ge, respec-
tively. At 300 K, TAGS-85 has a rhombohedral structure with an
angle of 88°, which gradually increases with temperature and
reaches 90° at =510 K;?!l above this temperature the crystal lat-
tice of TAGS-85 has cubic symmetry. The temperature of the
change in the thermopower slope, =525 K, was close to the
region where the rhombohedral distortion disappeared. Hence,
the large thermopower slopes in temperature range (i) can be
associated with the rhombohedral structure, while the smaller
ones in the range (ii) can be associated with the cubic structure.

The temperature dependence of the electrical resistivity is
typical of degenerate semiconductors where the increase of the
electrical resistivity with temperature is mostly associated with
an increase in carrier scattering by phonons. Some contribution
to the electrical resistivity may arise due to porosity and microc-
racks, so we could not easily distinguish the contributions arising
from carrier concentration, mobility, and point defects, and due
to porosity and microcracks. Generally, TAGS-85 samples doped
with Dy had less visually observable porosity than neat TAGS-85.
Furthermore, in TAGS-85 doped with Dy, the porosity at the top
of the ingot was less than at the bottom. The lowest values of the
electrical resistivity of the samples with 1 or 2% Dy for Ge meas-
ured at 730 K, 10 pQ m, and 13 pQ m, respectively, were found
for the samples extracted from the tops of all the ingots.

Figure 6 shows the power factor, PF =S%/p, calculated for the
same samples. PF reflects the electrical part of the thermoelec-
tric figure of merit but its value strongly depends not only on the
thermopower, which is insensitive to porosity and microcracks in
the material, but also on the measured value of the electrical resis-
tivity, which is sensitive to these microscopic defects. The power
factor of Agg 5,Sbe 5,Gess.961es50Dy; (TAGS-85 doped with 1% Dy
for Ge) is PF;30x = 35 uW cm ™! K72, while that of TAGS-85 #1 and
TAGS-85 #2 are 24 and 28 uW cm™! K2, respectively. Although
the absolute Seebeck coefficient of Aggs,Sbss,Ges4961€50Dy,
(TAGS-85 + 2% Dy for Ge) was even larger than that of TAGS-85
doped with 1% Dy, the power factor was smaller, PF;3y ¢ =
29 uW cm! K2, due to the larger electrical resistivity. Note that
the power factors of all of the samples studied were nearly con-
stant in the temperature range between =530 K and 730 K.

2.5. Thermal Conductivity and Thermoelectric Figure of Merit

The temperature dependences of the thermal conductivity
and the thermoelectric figure of merit of TAGS-85 without
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Figure 6. Power factor of the two Aggs,Sbes,Gesgoslesy (TAGS-
85) samples, of Ages,Sbes,GesgoeTeqgDy; (TAGS-85 + 1% Dy for
Te), of Ages,Sbes,GessosTesoDy; (TAGS-85 + 1% Dy for Ge), and of
Age.52Sbg 52Gesq.96TesoDy, (TAGS-85 + 2% Dy for Ge).

and with Dy doping are shown in Figure 7; our data for
GeTe are shown for comparison. At 300 K, the thermal
conductivity of TAGS-85 is about 5 times lower than that
of GeTe (Figure 7a) (i.e., simultaneous alloying of GeTe
with = 13 at% Ag and =13 at% Sb on the Ge sublattice sig-
nificantly reduced the thermal conductivity). Note that our
data for the thermal diffusivity, 0.5 cm? s7!, and the thermal
conductivity, 80 mW cm™! K1, of GeTe at 300 K agree well
with the literature data.?*?’ Our measurement of the
thermal conductivity of TAGS-85 #2 was 19 mW c¢cm™! K~!
at 300 K, which is larger than the value of 16 mW cm™ K~!
reported by Yang et al.?®l and Salvador et al.l’”! Note also
that TAGS-85 #1 shows a low thermal conductivity of
16 mW cm™ K at 300 K.120

Doping of TAGS-85 with Dy for Ge reduced the thermal
conductivity at 300 K to 17 and 16 mW cm™ K™! for 1% and
2% Dy, respectively. However, at 700 K, within the uncer-
tainty of the measurements, the thermal conductivity of
TAGS-85 and TAGS-85 doped with Dy samples was similar.
The exception is TAGS-85 + 2% Dy, whose thermal conduc-
tivity at 700 K was lower, <14 mW cm™ K™L. Figure 7b shows
the temperature dependences of the thermoelectric figure of
merit, ZT = PF T/x = S?T/kp for TAGS-85 without and with
doping of Dy for Te or Ge. At =730 K, both of the TAGS-85
samples showed ZT < 1.3, which is consistent with our value
obtained for the TAGS-85 #1 sample using home-made
equipment,?”! and also with the values reported by Yang
et al.?% and Salvador et al.,[?’! but smaller than the value of
ZT = 1.4 reported by Skrabek and Trimmer.[8! The TAGS-85
sample doped with 1% Dy for Te showed ZT < 1.5 at 730 K,
whereas ZT > 1.5 for TAGS-85 doped with 1 or 2% Dy for
Ge. Note that, in spite of the power factor of TAGS-85 doped
with 2% Dy for Ge being smaller than that of TAGS-85 doped
with 1% Dy for Ge, the lower thermal conductivity resulted
in a similar, high ZT.

Adv. Funct. Mater. 2012, 22, 2766-2774
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Figure 7. a) Thermal conductivity and b) thermoelectric figure of merit of
Age 525D 52Gess g6 Teso (TAGS-85 #2), Age 525bs 52Gesg g6 TeagDyr (TAGS-85
+ 1% Dy for Te), Ages,Sbes,Gess osTesoDy; (TAGS-85 + 1% Dy for Ge),
and Agg5,Sbg 5,Gesq.06TesoDy, (TAGS-85 + 2% Dy for Ge). The thermal
conductivity of GeTe is shown for reference in (a). The inset in Figure 7a
shows an expanded view of the thermal conductivity.

2.6. Possible Mechanisms of the Power-Factor Enhancement
Due to Doping with Dy

One of the most important questions is through what mecha-
nisms Dy atoms affect the thermopower of the TAGS-85 ther-
moelectric material, resulting in the enhancement of the power
factor. Elucidation of these mechanisms would provide a better
understanding of the effect of rare-earth doping on the ther-
moelectric properties of complex chalcogenides. Generally, the
thermopower can increase due to: i) reduction of the carrier
concentration; ii) modification of the DOS near the Fermi level;
and/or iii) enhancement of the energy filtering mechanism (see
the introduction). The thermal conductivity can decrease due
to: i) reduction of the carrier concentration; ii) reduction of the
lattice conductivity by changes in the phonon spectra; and iii)
possible inclusions. Our data show that doping of GeTe-based
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complex tellurides with rare earths is an efficient way of modi-
fying both electronic and thermal transport.

Both XRD and '*Te NMR spectroscopy showed that some
Dy atoms were incorporated into the lattice. Hence, we can
conclude that, in spite of the large atomic radius of Dy (r, =
0.249 nm) compared with that of Ge (r, =0.152 nm) and Te (r, =
0.142 nm), dysprosium may replace Ge and Te or fill vacancies
on the Ge sublattice. Figure 8 shows a schematic representation
of a magnetic semiconductor such as Ag,Sb,Gesq ;, ;TesoDy.;
there should be two main local lattice distortions in this alloy,
due to Ge vacancies (lattice shrinks) and Dy doping (lattice
expands), and both can contribute to the carrier and phonon
scattering (i.e., non-magnetic scattering). Also, due to their
large localized magnetic moment Dy atoms can enhance carrier
scattering similarly, as observed by Slack and Galginaitis?”! for
the narrow-band semiconductor CdTe doped with Mn or Fe.

The temperature dependence of the thermopower of the two
TAGS-85 samples is somewhat different from those reported
previously.2-281 At 305 K, our values of the absolute Seebeck
coefficient of TAGS-85 #1 and #2, S = +78 and +82 uVv K,
respectively, are smaller than those reported by Yang et al.l%l
(S =+110 uV K) and Salvador et al.?’! (S =+100 uV K). At 730 K,
our values for TAGS-85 #1 and #2 were S = +172 and
+176 uV K, respectively. The Seebeck coefficient values reported
by Skrabek and Trimmer[?®! are larger (+180 and +198 uV K at
600 and 750 K, respectively). The observed differences can be
attributed to the conditions and procedures of the measure-
ments, and using the relative instead of the absolute ther-
mopower (see experimental details in Experimental Section).

Figure 8. Schematic representation of Ag,Sb,Gesg.,,.,TesoDy, dilute mag-
netic semiconductor; local lattice distortions due to Ge vacancies (lattice
shrinks) and Dy doping for Ge (lattice expands) are shown by the small
red and large blue circles, respectively. The red arrows represent the local-
ized magnetic moments of Dy.
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The literature and our data show that thermoelectric properties
of TAGS-85 vary to some extent; this can be explained by varia-
tions in the composition and parameters of synthesis, and dif-
ferent contributions from various mechanisms.

The large reduction in the thermal conductivity at 300 K in
TAGS-85, compared with that in GeTe, as well as the decrease
in thermal conductivity of TAGS-85 doped with Dy, is mostly
due to changes in thermal diffusivity, while the heat capacities
and densities of all these materials are very similar. Because our
measurements were conducted under the same conditions, and
since samples extracted from different locations in the ingot
showed similar thermopowers (Figure 4), we can conclude that
the doping of TAGS-85 with Dy definitely enhances the ther-
mopower, particularly when Dy atoms replace Ge.

The shift of the *> Te NMR frequency observed for TAGS-85
doped with Dy (Figure 3a,b) can be attributed to a slightly
reduced Knight shift and, therefore, to a reduction (<15%)
in carrier concentration, which is insignificant at the level of
=6 x 10?° cm~3. The spin-lattice relaxation, which is driven by
the hyperfine coupling of the nuclei to the charge carriers, was
slower in TAGS-85 doped with 2% Dy for Ge, T; = 3.8 ms than
in neat TAGS-85, T; = 3.1 ms, which can be attributed to a
slight reduction in the carrier concentration due to Dy doping.
Note that '>Te NMR spectroscopy (Section 2.3.), as well as the
magnetization data (Section 2.2.), in addition to XRD (Section
2.1.), indicate that some amount of Dy atoms is present at the
Ge or Te sites. The reduction in carrier concentration gener-
ally results in a favorable increase of thermopower and also in
a partial reduction in thermal conductivity, as indeed observed
for TAGS-85 doped with 2% Dy. However, the moderate change
in carrier concentration cannot explain the significant enhance-
ment of thermopower observed in TAGS-85 due to doping with
Dy. Hence, we need to consider additional mechanisms of ther-
mopower enhancement (e.g., modification of the DOS or an
energy-filtering mechanism).

A large increase of the DOS near the Fermi level, &, due
to 4felectrons is, in principle, possible for Ce, Eu, and Yb,'¥
but not for Dy, because its 4f-electron states are located deeply
in the valence band, far from the Fermi level. Ab initio calcu-
lationsP% have shown that an increase of the DOS near & in
narrow-gap semiconductors due to s- or p-electron states is
possible for various impurities: in PbTe, s- dopants (e.g., Zn
(3d1%4s%), Cd (4d'°55%), and Hg (5d'°6s%)) form resonance states
near the bottom of the conduction band, while p- dopants (e.g.,
Ga (4s*4p'), In (55’5p?), and TI (6s*6p')) form resonance states
at the top of the valence band. An increase of the DOS near
&r has also been suggested based on experimental data for
PbTe:TL.B31 Hence, a small increase of the DOS in TAGS-85
doped with Dy (4f1%6s?) cannot be excluded, but, due to the low
Dy concentration, the effect from the DOS modification cannot
be large, and other mechanisms enhancing the thermopower
should be considered.

It is possible that the enhancement of the thermopower
observed in TAGS-85 doped with Dy is due to an energy-
filtering mechanism (i.e., differential scattering of high- and
low-energy carriers of the same sign by potential barriers in the
material).®12 The Seebeck effect requires that high-energy car-
riers diffuse from the hot end toward the cold end of the mate-
rial and produce an electric field, which stops this motion and
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can be measured in the experiment. Low-energy carriers diffuse
from the cold end toward the hot end, and the thermopower
depends on the difference in the chemical potentials of the car-
riers with high and low energy. It is favorable if carriers with
higher energy, moving from the hot end toward the cold end,
are scattered less than those with lower energy moving from
the cold end toward the hot end,3233] resulting in a smaller can-
cellation of the two contributions and an enhancement of the
thermopower.

Generally, the scattering can be associated with the param-
eters of the potential barriers in the material. In the energy
filtering model, potential barriers may occur at the interfaces
between the material matrix and nanoscale inclusions,*? or
at grain boundaries due to Te vacancies.!'!] For TAGS-85 doped
with Dy, we suggest that potential barriers can occur due to the
mismatched atomic sizes and the large magnetic moment of the
Dy atoms present in the lattice. A similar effect was discussed by
Zide et al.B* for Ing s3Gag 47As with Ings3Gags3Aly10As barriers.
An effect due to Mn atoms with localized magnetic moments
was observed in Pby 14Sng.7,Mng 1, Te by Radchenko et al.3]

The electrical resistivity in semiconductors depends on the
carrier concentration and mobility, which can be changed by
doping. The most important mechanism affecting mobility at
high temperatures is scattering by phonons. In paramagnetic
materials, an additional contribution, magnetic scattering by
localized magnetic moments, may increase the electrical resis-
tivity. A large contribution may also arise from microcracks and
the porosity, which are typical for multicomponent tellurides,
and may overcome the contribution from the concentration and
the mobility. Our data show that the enhancement of the power
factor of TAGS-85 due to Dy doping was mostly achieved by the
increase in the thermopower. Because the electrical resistivity of
TAGS-85 doped with 2% Dy was larger than that in the sample
doped with 1% Dy, its power factor was smaller.

It is well known that the thermal conductivity contains two
contributions, due to the lattice and carriers, and is one of three
components that affects the thermoelectric figure of merit. At
700 K, the reported thermal conductivity of TAGS-85 is approxi-
mately 15 mW cm™ K261 or 17 mW cm™ K, whereas
our measurements showed 16 mW cm™ KL. The effect of the
thermal conductivity on ZT is significant, but the uncertainty of
the thermal transport measurements is large, 26%. We expect
that, due to the observed reduction in the carrier concentra-
tion and the distortion of the lattice induced by the doping
of TAGS-85 with Dy, the thermal conductivity should also be
reduced. This was confirmed by the data for TAGS-85 doped
with 2% Dy, where the reduction in the thermal conductivity
was clearly observed and can be attributed to an increase in the
anharmonicity of the lattice vibrations (phonons), reducing heat
propagation through the lattice.*® Again, the reported values
of the power factor and figure of merit of TAGS-85 vary sig-
nificantly.’826-28] Our data, obtained for two samples, suggest
that the ZT of TAGS-85 should be considered as <1.3 at 730 K
(as also indicated in the review by Snyder and Toberer?), and
future studies should use this value as a reference. In TAGS-85
doped with Dy, the interplay between the electrical and thermal
transport due to variable contributions from the carrier concen-
tration, phonon scattering, and energy filtering results in an
enhancement of ZT.
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3. Conclusions

TAGS-85 (Agss2Sbgs5,Gesgoslesg), one of the best p-type
thermoelectric materials, was doped with the rare earth
dysprosium (Dy). Due to their large atomic size and high
magnetic moment, Dy atoms may form selective barriers
for electronic and thermal transport and enhance the ther-
moelectric  efficiency. X-ray-diffraction, '»Te-NMR spec-
troscopy, and magnetic-susceptibility measurements of
TAGS-85 doped with Dy (i.e., Agss;Sbss,GessoslesoDy; (1%
Dy for Ge), Agss;Sbes,GesqoslesoDy, (2% Dy for Ge), and
Agg 5,Sbg 5,Gesg o6 Tes9Dy; (1% Dy for Te)) showed that some
Dy atoms are incorporated into the lattice, where they produce
large local lattice distortions. Doping of TAGS-85 with 1 or 2%
Dy for Ge enhanced the thermopower by =7 or 10%, respec-
tively, over a wide temperature range, from 305 to 730 K; the
power factor for TAGS-85 doped with 1% Dy was enhanced by
=25% compared with that in TAGS-85. The effect of doping on
the thermopower, with Dy replacing Ge, was slightly stronger
than that for Dy replacing Te. The enhancement of the Seebeck
coefficient and power factor of TAGS-85, due to doping with
Dy, was generally similar to that observed for doping with two
other rare earths, Ce and Yb. However, in contrast to Ce and
Yb, the 4f-electrons of Dy cannot form resonance states near
the Fermi level. We suggest that the enhancement of the ther-
mopower in TAGS-85 doped with Dy can be attributed partially
to a reduction in the carrier concentration, detected by »Te
NMR spectroscopy, and partially to energy filtering of the car-
riers by potential barriers associated with the Dy atoms, which,
due to their large atomic size and localized magnetic moment,
distort the TAGS-85 lattice. The interplay between the para-
meters of electronic and thermal transport in TAGS-85 due to
doping with Dy resulted in the enhancement of ZT at 730 K,
from < 1.3 in TAGS-85 to 21.5 for TAGS-85 doped with 1 or 2%
Dy for Ge. Doping TAGS-85 with Dy forms a dilute magnetic
semiconductor and makes it a promising material for thermo-
electric power generation.

4. Experimental Section

Materials Synthesis and Sample Preparation: The TAGS-85 ingots doped
with Dy were prepared by direct reaction of the constituent elements,
Ag, Sb, Ge, Te, and Dy, in fused silica ampoules. The initial nominal
compositions were Agg 5,Sbg 5,Gess g TesoDy; (TAGS-85 + 1% Dy for Ge),
Age.5,Sbe 5,Gesq 06TesoDy, (TAGS-85 + 2% Dy for Ge), and, in addition,
Age.5:Sbs 5,Ges6.06TesgDyy (TAGS-85 + 1% Dy for Te). The ampoules were
heated up to 1323 K to melt the constituents and shaken periodically
to form homogeneous ingots upon solidification. Finally, the melts were
cooled down with the furnace. The master ingots had a mass of 20 g,
a diameter of 10 mm, and a length of =36 mm; measurements were
made on several samples cut from each ingot. Several disc samples
with a diameter of =10 mm and a thickness of =2 mm were prepared
by cutting the ingot with a diamond saw perpendicular to the ingot axis.
This allowed us to measure the variation of the Seebeck coefficient and
electrical resistivity along the ingot as well as to use the same sample for
different measurements. Two flat, parallel surfaces on opposite, initially
curved sides of each disc sample were prepared for the thermopower
and electrical resistivity measurements. The disc samples could also
be used for thermal diffusivity measurements by the flash method.
Small, bulk pieces of =0.2 g extracted from the disc samples were used
for the magnetization measurements. For the X-ray-diffraction and
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125Te-NMR-spectroscopy measurements, powder samples were prepared
from the disc samples.

X-Ray Diffraction: Room temperature X-ray diffraction patterns were
obtained for ground powders using a Scintag SDS-2000 diffractometer
with Cu K, radiation. The X-ray diffraction patterns obtained for the
as-solidified TAGS-85 + 1% Dy for Te, TAGS-85 + 1% Dy for Ge, and
TAGS-85 + 2 at% Dy for Ge were indexed to the rhombohedral R3m
polymorph (space group 160), which is a slight distortion of the high-
temperature cubic structure of GeTe. TAGS-x materials are known to
exhibit a second-order polymorphic transformation from the high-
temperature cubic to the low-temperature rhombohedral R3m structure
over a temperature range from 300 to 510 K.2'l

NMR Spectroscopy: Solid-state '2°Te-NMR-spectroscopy experiments
were run on a Bruker Biospin (Billerica, MA) DSX-400 spectrometer
(magnetic field of 9.3900 T) at 126 MHz, using a 2.5 mm magic-
angle-spinning (MAS) probe head at a 22 kHz spinning frequency; the
sample masses were =30 mg.2% The signals were detected after a Hahn
echo generated by a 2 us-t-3.8 us —t, two-pulse sequence, where t,
denotes a rotation period. The second pulse and receiver phase were
cycled according to the EXORCYCLE scheme.B”) The measuring times
were around 10 h for each spectrum. The '2 Te-NMR-spectroscopy
chemical shifts were referenced to Te(OH)g in solution via solid TeO,
at +750 ppm as a secondary reference. The spin-lattice relaxation
time, T;, was determined by fitting the dependence of the normalized
integral vs. the time delay after saturation by a train of 90° pulses;?® the
uncertainty of the T; determination was + 0.2 ms. Chemical-shift/dipolar
anisotropy ' Te-NMR-spectroscopy measurements?}l were conducted
to obtain information about the local structure of the materials studied.
The unpaired electrons of the magnetic ions produced orientation-
dependent magnetic fields at the nuclei, which were probed by the
NMR spectroscopy. The orientation-dependent (anisotropic) local fields
were different for different crystallites and therefore led to destructive
interference in the time signal, which manifested itself as a shortened
relaxation time, T,",,ico- In addition, there were other factors shortening
T,°, such as a distribution of isotropic (orientation-independent)
chemical or Knight shifts, resulting in T,%,. In order to distinguish
the anisotropic and isotropic fields, we needed MAS, which selectively
refocused the anisotropic dephasing and thus increased T, .50 Without
affecting T, .. In order to measure T,", 50, we applied a radio-frequency
m-pulse that interfered with the MAS and, at the same time, refocused
the decay due to T,", (“Hahn spin-echo”). We used a simple pulse
sequence, usually applied to analyze large chemical-shift anisotropies,
with an excitation pulse, t.,—7-pulse—t.,, followed by an incremented
“z-filter” (“y-average”) to remove spectral artifacts.?*!

Magnetization: The bulk dc magnetization of the samples was
measured at 1.8 and 300 K using a Quantum Design superconducting
quantum-interference device magnetometer in a magnetic field, H,
varying from 0 to 55 kOe. The temperature dependence of the magnetic
susceptibility was measured in the temperature range of 1.8-350 K
in a 50 kOe magnetic field. For the measurements, the samples were
placed in a gel capsule of low diamagnetic susceptibility, y = -1.3 x 1078
emu g~ Oe™', an order of magnitude smaller than the lowest magnetic
susceptibility of the samples. The uncertainties of the magnetic
measurements were less than 2%.122

Seebeck  Coefficient  (Thermopower) —and  Electrical — Resistivity:
Measurements of the Seebeck coefficient (thermopower) and electrical
resistivity were performed using an LSR-3 measuring system (Linseis
Inc.) in a helium atmosphere in the temperature range from 305
to 760 K. The Seebeck coefficient and the electrical resistivity were
measured simultaneously for the same sample using a four-probe
method; the temperature difference for thermopower measurements was
between 8 and 9 K in the entire temperature range, with an uncertainty
of 0.1 K. The Seebeck coefficient was measured relative to the Pt legs of
a Pt-(Pt + Rh) thermocouple and then the absolute Seebeck coefficient
was calculated. The uncertainties of the thermopower and electrical
resistivity measurements were 5 and 3%, respectively.

Comments on the Seebeck Coefficient Measurements: It is worth noting
here that important experimental details must be taken into consideration
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to obtain meaningful data, in particular if rather small changes of the
physical parameter are of importance. Firstly, in measurements, the
relative Seebeck coefficient is obtained, while, as a characteristic of a
material, the absolute Seebeck coefficient is needed.’®) At 700 K, the
relative Seebeck coefficient of p-type TAGS-85 material measured with
Pt probes is 201 uV K™', whereas the absolute Seebeck coefficient is
188 uV K 7' (i.e., smaller by =13 pV K7).% If the relative value instead
of the absolute Seebeck coefficient were used to calculate the power
factor of a p-type material, its value could be artificially larger by =15%.
Secondly, Lowhorn et al.*l reported that measurements of samples
of similar composition prepared in 12 different laboratories, or even
of the same samples, may show significantly different thermopower
values; a similar situation was also reported by D’Angelo et al.”l Hence,
measurements of reference materials and then several samples of the
initial and modified materials conducted under the same conditions are
needed to reduce the uncertainty of measurements and assess the effect
of doping. For reference, we measured n-type NigyCry, and its absolute
thermopower agreed well with published data.l*#?] In addition, in order
to understand the homogeneity of the doped material, we studied the
variation of the thermopower along the ingot.

Thermal Diffusivity and Conductivity: The thermal diffusivity, A, and
the specific heat, ¢, were measured using an XFA-500 measuring
system (Linseis Inc.) in a helium atmosphere by the flash method; the
uncertainty of the measurements was 6%. The thermal conductivity, k,
was calculated as k= Ac,d, where d is the mass density of the material.
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